Background: Controversies exist whether disturbances in mineral and bone disorder (MBD) normalise or persist after kidney transplantation. We assessed markers of MBD in patients with well-functioning kidney transplants to minimise confounding by reduced transplant function. Methods: In this cross-sectional study, 40 patients aged R18 years who received a first kidney transplant more than 10 years ago were included. A well-functioning transplant was defined as an estimated glomerular filtration rate (eGFR) R45 ml/min per 1.73 m 2 .
Introduction
Kidney transplantation is the preferred treatment for patients with end-stage renal disease (ESRD) (1) . Many of the biochemical abnormalities of chronic kidney disease-mineral and bone disorder (CKD-MBD) will then be reversed or altered (2) .
Parathyroid hormone (PTH) levels decline rapidly during the first 3-6 months after transplantation followed by a more gradual decrease (3, 4) . In a large proportion of the patients intact PTH (iPTH) levels are elevated even in those with optimal transplant function more than 1 year after transplantation (5) . Fibroblast growth factor 23 (FGF23) levels increase with decreasing estimated glomerular filtration rate (eGFR) and is associated with mortality both in dialysis patients, patients with CKD stages 2-4 and kidney transplant patients (6, 7, 8) . Whether FGF23 levels return to normal during the first year post-transplant (9) or stay elevated for several years is still unclear. a-Klotho, characterised as a phosphate and calcium regulatory hormone, is an obligate co-receptor for FGF23 in its transmembrane form (10) . As a hormone, soluble Klotho (sKlotho) has anti-ageing and cardiovascular protective properties (11) and an assay for measuring sKlotho has recently become commercially available (12) . sKlotho has been reported to be associated with eGFR (13) , but other studies have reported the levels to be stable for patients in CKD stages 2-4 (14) . No data regarding sKlotho levels have to date been reported in long-term kidney transplant patients.
The aim of the present study was to assess the levels of markers of MBD in patients living with a long-term, O10 years, well-functioning first kidney transplant defined as an eGFR R45 ml/min per 1.73 m 2 .
Subjects and methods
The study was designed as a single-centre cross-sectional study. One hundred and ninety one transplanted patients aged R18 years attending the nephrology outpatient clinic at Stavanger University Hospital were identified. Of these, 76 patients received a first renal transplant more than 10 years ago and 46 patients had an eGFR R45 ml/min per 1.73 m 2 and were invited to participate in the study. One patient had undergone a parathyroidectomy and was excluded. One patient declined to participate and another patient was not competent to give consent. Three patients did not attend their scheduled appointment, leaving 40 patients to be included in the study. Freshly thawed samples were measured in duplicate, and the reproducibility of the methods monitored by analysing three to five aliquots of a serum control with each assay. Intra-and inter-assay coefficient of variation for sKlotho were both !15%, and for iFGF23 !7 and !11% respectively. The level of iFGF23, measured with Kainos ELISA Kit, in 104 healthy adults from Japan was reported to be in the range of 8.2-54.3 ng/l (16) and a reference range of 10-50 ng/l has been suggested based on these results (17) . sKlotho, measured by the IBL ELISA Kit in serum from 142 healthy subjects, was reported to range from 239 to 1266 pg/ml, mean 562G146 pg/ml in the original method publication (12) . A reference range for males 252-652 pg/ml and females 177-804 pg/ml in a healthy Danish population was recently published using the same ELISA Kit (18) . Serum 25(OH)vitamin D was quantified by liquid-liquid extraction, derivatisation with 4-phenyl-1,2,4-triazoline-3,5-dione reagent (PTAD, Sigma-Aldrich), and analysis by liquid chromatography coupled with tandem mass spectrometry detection (LC-MS/MS). The level of serum 25(OH)vitamin D was considered deficient !50 nmol/l, insufficient between 50 and 75 nmol/l and sufficient O75 nmol/l (19) .
Urine samples were analysed for concentrations of creatinine (reference range: 4.5-20.0 mmol/l), calcium (reference range: 2.0-9.0 mmol/l) and phosphate. The fractional excretion of phosphate (FEPO 4 ) was calculated as follows: (urine phosphate!serum creatinine)! 100/(serum phosphate!urine creatinine). The reference range for FEPO 4 in healthy subjects is reported to be 0-20% (20) . sKlotho was analysed in freshly thawed urine aliquots by ELISA as described for serum samples.
Statistical analysis
Normally distributed data are expressed as meanGS.D. and otherwise distributed data are expressed as median and IQR. The results of the study were equivalent when using non-parametric and parametric analyses. We thus chose to use the one-way ANOVA on group comparisons of continuous variables and post hoc analyses were Bonferroni corrected. c 2 test was used for categorical variables. Correlations were calculated as Spearman's r.
A simple linear regression analysis was used to assess the association between iFGF23 levels as dependent and iPTH levels as independent variable in the group of patients with eGFR R60 ml/min per 1.73 m 2 ( Fig. 1) . After correction for multiple testing according to Bonferroni, P values !0.006 were considered to be statistically significant. All statistical analyses were conducted using PASW Statistics version 20.0 (SPSS, Inc.).
Results
The baseline characteristics of all laboratory measurements for 39 of the transplanted patients, the 39 eGFRmatched controls and the group of healthy volunteers (nZ20) are given in Table 1 . One transplanted patient was excluded from the main analyses as a result of an extreme vitamin D deficiency, and is reported separately at the end of this section, illustrating the impact of vitamin D on markers of MBD (Table 2) . Post hoc analysis showed that there was no statistically significant difference in age between the kidney transplant patients and the eGFR-matched controls (61.3G11. Albumin-corrected calcium levels were above upper limit of normal (ULN) in six patients (15%), none below lower limit of normal (LLN). Thirteen patients had urine calcium levels below the detection limit for the method used and another ten patients had levels below LLN, giving a total of 33 patients (85%) with urine calcium levels below LLN. The serum phosphate level was above ULN (1.32 mmol/l) in one patient, while 12 patients (31%) had levels below LLN. FEPO 4 was above ULN in 33 patients (85%). 25(OH)vitamin D levels were deficient (!50 nmol/l) in 16 patients (41%), insufficient (50-75 nmol/l) in 17 patients (44%) and sufficient (O75 nmol/l) in six patients (15%). Thirty patients (77%) had an iPTH level above ULN, none below LLN. Thirty-one patients (79%) had iFGF23 levels above 50 pg/ml. Nine patients had undetectable levels of sKlotho in the urine (u-Klotho) and one patient had a very high level: 4816 pg/ml.
Correlations
There was a strong linear correlation between PTH and FGF23 levels (Spearman's rZ0.50, PZ0.001) in the kidney transplant patients. In the subgroup of patients with eGFR R60 ml/min per 1.73 m 2 , the correlation was even stronger (Spearman's rZ0.68, PZ0.001) (Fig. 1) .
Case report
One patient had secondary hyperparathyroidism (SHPT) due to a pronounced vitamin D deficiency (25(OH) vitamin D 1.6 nmol/l) ( Table 2 ). She was excluded from the main analysis of the study and was given cholecalciferol 70 000 IU/week for 8 weeks. We followed the study protocol when blood was drawn for control of therapy, and this enabled us to report the effects of cholecalciferol treatment on all markers of mineral metabolism, including sKlotho ( Table 2 ). The underlying cause of her CKD was a focal segmental glomerulonephritis. She received a pre-emptive kidney transplant from a deceased donor 10.5 years before inclusion. Five years after transplantation, she fell and sustained a Colles fracture. A dual-energy X-ray absorptiometry scan showed a T-score of K4.33 S.D. in L1-L4 and K3.54 S.D. in the left femoral neck. Treatment with alendronate 70 mg once every week was started. There were no indications of other underlying diseases such as malabsorption. Her diet was very strictly vegetarian, and she mostly avoided direct sunlight due to fear of skin cancer, both contributing to her vitamin D deficiency. Two days before the high-dose substitution regimen with vitamin D was scheduled to end, she stumbled and fell and fractured her right femoral neck. She was admitted to hospital and operated the following day. The eGFR fell temporarily. A follow up laboratory assessment was done 5 months after the cholecalciferol treatment in high dosing had ended.
Discussion
Persistent hyperparathyroidism in kidney transplant recipients is characterised by elevated PTH levels together with specific post-transplant complications such as hypercalcaemia, hypophosphataemia and nephrocalcinosis (2).
In long-term kidney transplant patients, we found elevated iPTH together with serum calcium levels within or above ULN, and elevated iFGF23 together with serum phosphate levels within or below LLN. These findings are consistent with a state of persistent hyperparathyroidism. Our patients had eGFR R45 ml/min per 1.73 m 2 contributing to a normal response to PTH and FGF23 in the kidney transplant, resulting in very low urine calcium levels and higher excretion of phosphate than the serum levels would imply. Known risk factors for developing persistent hyperparathyroidism after transplantation are longer time in dialysis and severe SHPT at the time of transplantation (21) . About one-third (37.5%) of our patients were preemptively transplanted, and time on dialysis for the remainder was relatively short. Unfortunately, we do not have information of PTH levels before transplantation. SHPT develops early in patients with CKD, affects most patients during the course of their disease (22) , and a diffuse or nodular parathyroid hyperplasia ensue (23) . Our findings of persisting markers of MBD more than 10 years after successful transplantation may be explained by the longevity of parathyroid cells, their mean life span being 20 years (24) .
The levels of 25(OH)vitamin D were below 50 nmol/l in 41% of our patients, and significantly lower when compared with the group of healthy volunteers. 25(OH)vitamin D is affecting the levels of PTH and thus might have influenced our result. However, vitamin D deficiency increases the level of PTH and decreases the level of FGF23 as previously reported (25) and illustrated in our case report. A concomitant increase in PTH and FGF23 may reflect a disturbance in the bone-parathyroid feedback axis probably due to a downregulation of the Klotho/FGF receptor complex in hyperplastic parathyroid glands (26) . Our 'case patient's' iFGF23 level was initially very low, most likely due to low vitamin D levels and low phosphate content of her vegetarian diet, and her iPTH level was high. When she was treated with high doses of cholecalciferol, iPTH levels fell and iFGF23 levels rose markedly as 25(OH)vitamin D levels increased, reflecting disturbances in MBD as a result of vitamin D deficiency. sKlotho remained stable during the initial phase of cholecalciferol treatment. At the time of cessation of vitamin D therapy she was admitted to hospital, and had a transient fall in eGFR, and we hypothesise that this was the main reason for the concomitant transient reduction in sKlotho (Table 2 ) (27) .
The human Klotho gene has two transcripts resulting in two forms of sKlotho, the shed-product of the trans-membrane form and the secreted form (28) . The commercially available assay (12) measures the shedproduct of the trans-membrane form (29) , and in addition there are indications that only this form exists in extracellular fluids in humans (30) . Our 'case patient's' transient fall in eGFR together with a transient reduction in sKlotho levels give support to the notion that sKlotho is associated with acute kidney failure. This might be explained by a down-regulation of the cleavage enzymes secretases (31) in an acute kidney failure, rendering Klotho function at the tissue level intact. In a state of chronic kidney failure, a new steady-state between sKlotho and membrane-bound Klotho may develop over time. We believe that the nonsignificant reduction in sKlotho levels in the transplanted patients was most likely due to well-functioning kidney transplants. Others have found a weak association between sKlotho and age (12, 14) . However, there was no such association in our subjects, and our finding thus needs to be confirmed in larger studies.
Our transplanted patients had significantly higher iFGF23 levels than the healthy volunteers, and a nonsignificant trend towards higher levels when compared with the eGFR-matched controls, which is in contrast to the results of Sirilak et al. (32) . They found that in longterm kidney transplant patients in Thailand, C-terminal FGF23 (cFGF23) was elevated only in the patients with stage T3 (CKD stage after transplantation) and T4 compared with a control group of healthy individuals. The patients in stages T1 and T2 had significantly lower levels of cFGF23. The reported levels in that study are markedly lower compared with other studies using the same cFGF23 assay. Forty-six normal subjects in Sirilak et al.'s (32) study had a median cFGF23 level of 18 RU/ml (IQR: 14-24 RU/ml). Ninety-five percent reference limits has recently been reported to be 21.6-91.0 RU/ml (33) . The difference might be due to methodological problems, issues of calibration and possibly racial differences, which need to be further explored. Another study of 279 long-term kidney transplant patients concluded that FGF23 concentrations remained increased a median of 7.1 years after transplantation even in patients with eGFR O60 ml/min per 1.73 m 2 (34) . It is however difficult to interpret their FGF23 results due to inconsistencies as to which assay for measuring FGF23 was used, and the study did not include a control group.
Strengths and limitations
None of the current ELISA methods for measuring FGF23 and sKlotho have been subject to international standardisation and show poor agreement (35, 36 52.0-72.0 ml/min per 1.73 m 2 ). By including a control group of patients matched for eGFR, we found a trend towards higher iFGF23 levels and lower sKlotho levels in the kidney transplant patients not attributable to reduced graft function. These results were however not statistically significant, most likely due to lack of statistical power. Use of active vitamin D increases iFGF23 levels and lowers iPTH levels (39) and this might have influenced the relationship between PTH and FGF23 in our study. Three patients used active vitamin D, all of which had eGFR values between 45 and 60 ml/min per 1.73 m 2 . The correlation between PTH and FGF23 in the patients with eGFR R60 ml/min per 1.73 m 2 ( Fig. 1) , was thus not influenced by the use of active vitamin D and is consistent with a state of FGF23 resistance of the parathyroid gland. The cross-sectional design of our study has its limitations, and our hypotheses must be further explored in additional studies.
